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[1] The effects of prescription burning on watershed balances of major ions in mixed
conifer forest were examined in a 16-year paired catchment study in Sequoia National
Park, California. The objective was to determine whether fire-related changes in watershed
balances persist as long as estimated low-end natural fire-return intervals (�10 years), and
whether cumulative net export caused by fire could deplete nutrient stocks between
successive fires. Inputs (wet + dry deposition) and outputs (stream export) of N, S,
Cl�, HCO3

�, Ca2+, Mg2+, Na+, K+, H+, and SiO2 were measured for 7 years preceding, and
9 years following, a prescribed burn of one of the catchments. After fire, runoff
coefficients increased by 7% (in dry years) to 35% (in wet years). Inorganic N was
elevated in stream water for 3 years after fire. Increased export of water, SO4

2�, Cl�, SiO2,
and base cations continued through the end of the study. Pools and processes attributed to
fire led to the cumulative loss, per hectare, of 1.2 kg N, 16 kg S, 25 kg Cl�, 130 kg Ca2+,
19 kg Mg2+, 71 kg Na+, 29 kg K+ and 192 kg Si, above that predicted by prefire regression
equations relating export in the paired catchments. This additional export equaled <1%
of the N, up to one-third of the Ca and Mg, and up to three-fourths of the K, contained in
the forest floor prior to combustion. Changes in watershed balances indicated that low-end
natural fire-return intervals may prevent complete reaccumulation of several elements
between fires.
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1. Introduction

[2] Watershed balances in forests are affected by fire on a
variety of timescales. Immediate losses of elements occur
through volatilization [Caldwell et al., 2002; Johnson et al.,
2005] and convection of ash [Raison et al., 1985]. Changes
in nutrient budgets expected soon after fire (first few years)
arise from wind- and water-driven sediment export [Ewing,
1996; Huffman et al., 2001; Whicker et al., 2006], changes

in the physical properties of soil, such as hydrophobicity
[Huffman et al., 2001; MacDonald and Huffman, 2004;
Martin and Moody, 2001], dissolution of ash [Chorover et
al., 1994], shifts in soil water pH [Murphy et al., 2006b;
Stephens et al., 2004], changes in microbial biomass and
activity [Mabuhay et al., 2006; MacKenzie et al., 2006;
Yeager et al., 2005], increased decomposition [Schoch and
Binkley, 1986], and changes in biological demand for water
and nutrients. Crown scorch, tree mortality, and stand re-
placement can affect canopy-related processes that are im-
portant in watershed balances of water and nutrients. These
include interception of precipitation and cloudwater [Collett
et al., 1990; Friedland and Miller, 1999; Stottlemyer and
Troendle, 1999, 2001], scavenging of aerosols and gases
[Hanson and Lindberg, 1991; Norby et al., 1989; Nussbaum
et al., 1993], and transpiration. Enduring effects of fire on
watershed balances (decade scale) relate ultimately to
changes in vegetative cover. They include N-fixation and
the accumulation of elements in aggrading plant biomass
[Johnson et al., 2005].
[3] In the Sierra Nevada, a century of fire suppression has

resulted in fuel loads that exceed historical levels [Knapp et
al., 2005], has increased the potential for more severe crown
fires [Keeley and Stephenson, 2000; Stephenson et al.,
1991], and has reduced opportunities for seedling recruit-
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ment by some of the forest dominants [Keifer, 1998;
Stephenson, 1996]. Alterations in fire regime are implicated
in the decline of one of the more majestic Sierran trees,
sugar pine (Pinus lambertiana Dougl.) [Van Mantgem et al.,
2004]. In the late 1960s, the National Park Service began a
program of prescription burning to reduce the hazardous
fuel buildup and to restore fire to its former role in mixed
conifer forests [Bancroft et al., 1985]. Tree ring studies
indicate that from 1700 to 1900, natural fire return intervals in
the region of Sequoia National Park averaged 10–20 years
[Caprio and Graber, 2000], with mean return intervals as
short as 3–8 years in groves of giant sequoia (Sequoiadendron
giganteum [Lindl.] Buchh.) [Stephenson, 1999].
[4] The longevity of many postfire effects is poorly

understood. Many studies follow changes in standing
stocks, soil properties, nutrient fluxes (usually in soil),
stream chemistry (less commonly), or runoff, for only a
few months, or 2–3 years, after fire. Measurement of
ecosystem outputs after fire using gauged streamflow is
rare. Since restoring natural fire frequency is the goal of
prescription burning in many forests, it is important to
understand how watershed balances respond to fire on
timescales that match target fire-return intervals.
[5] Here, we used a 16-year paired catchment study to

investigate changes in watershed balances following pre-
scribed fire in a mixed conifer forest in Sequoia National
Park, California. Our goal was to examine whether fire-
related changes in watershed balances persist as long as the
proposed low-end natural fire-return interval in the park
(�10 years [Swetnam et al., 1992]), and whether cumulative
net export caused by fire could deplete nutrient stocks
between successive fires. Inputs (wet + dry deposition)
and outputs (gauged streamflow) of water and major ions
(N, S, Cl�, HCO3

�, Ca2+, Mg2+, Na+, K+, H+, and SiO2)
were measured in paired headwater catchments in the Giant
Forest region of the park for 7 years preceding, and 9 years
following, the prescribed burning of one of the catchments.
Cumulative fire-related export was compared to prefire
standing stocks of key elements. To our knowledge, these
results represent the longest uninterrupted record of the
effects of prescribed fire on chemical fluxes from a gauged
mixed conifer watershed in the western United States.

2. Methods

2.1. Site Description

[6] The study site consists of two adjacent headwater
catchments located in the Giant Forest area of Sequoia
National Park on the western slope of the southern Sierra
Nevada, California (36�340N, 118�440W, Figure 1). The
smaller catchment (13.1 ha) is drained by Tharps Creek,
an intermittent stream that generally flows from October to
July. The larger catchment (49.8 ha) is drained by Log
Creek, a perennial stream. Elevation ranges from 2097 to
2180 m in Tharps watershed and from 2158 to 2371 m in
Log watershed. The region has a wet winter/dry summer
Mediterranean climate. Mean January and July air temper-
atures in Giant Forest are 0�C and 18�C, respectively. Mean
annual precipitation is approximately 100 cm [Williams and
Melack, 1997a].
[7] Soils in both watersheds are predominantly humic

lithic dystroxerepts and humic dystroxerepts [Soil Survey

Staff, 2006] derived from granodiorite. They are typically
<0.5 m deep, acidic, and well-drained [Halpin, 1995]. Rock
outcrops make up about 3% of each watershed. Soils are
moist from late fall through early summer from fall rains
and snowmelt, and dry thereafter, although surface horizons
may be moistened by infrequent summer thundershowers.
Mean annual soil temperatures at a depth of 50 cm range
from 8 to 10�C [Chorover et al., 1994].
[8] White fir (Abies concolor Lind. and Gord.) is the

dominant species in both catchments. Subdominant tree
species are giant sequoia, sugar pine, red fir (Abies magnifica
A. Murr.), Jeffrey pine (Pinus jeffreyi Grev and Balf.), and
incense cedar (Calocedrus decurrens [Torr.] Florin). Under-
story shrubs include green manzanita (Arctostaphylos
patula Green), mountain whitethorn (Ceanothus cordulatus
Kellogg), chinquapin (Chrysolepis sempervirens [Kellogg]
Hjelmg.) and gooseberry (Ribes spp.). The predominant
groundcover is litter and duff.

2.2. Prescribed Burning of Tharps Watershed

[9] Tharps watershed was completely burned in a 14 ha
prescribed fire ignited on October 23–26, 1990. Most of the
fire was out by October 28, but pockets of ground fire

Figure 1. (a) Location of Sequoia National Park in
California, United States, and (b) map of Tharps Creek
and Log Creek watersheds (36�340N, 118�440W) within the
Giant Forest area of Sequoia National Park.
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smoldered for several weeks. Ignitions occurred mostly
during early evenings and into the night under a relative
humidity of 30–40%. Fire behavior ranged from a backing
fire with flame lengths of 0.05 to 0.15 m, and rates of spread
up to 0.1 m min�1, to a strip headfire with flame lengths of
0.6 to 2.4 m. Areas with heavy fuel concentrations and
standing snags produced the highest flame lengths, occa-
sionally torching nearby trees. Preburn surface fuel load was
210 Mg ha�1; fuel reduction was 85% [Mutch and Parsons,
1998]. Ash, initially 5–30 cm deep, was present in much of
the catchment until the end of 1991 [Chorover et al., 1994].
After the fire, sequoia, fir and pine seedlings were visible by
the end of 1991, and fern species regenerated rapidly in the
riparian zones [Williams and Melack, 1997b]. We found no
records of fire in Tharps watershed prior to the introduction
of prescription burning in 1991. Fire-scar dendrochronology
studies from adjacent watersheds indicate that Tharps wa-
tershed and the control catchment (Log watershed) may
not have burned for more than 120 years prior to our study
(T. Caprio, personal communication).

2.3. Atmospheric Deposition

[10] Precipitation was monitored at a National Atmo-
spheric Deposition Program (NADP) sampling station
(NADP/NTN Monitoring Location CA75, Lower Kaweah)
located approximately 4 km west of the study site at an
elevation of 1902 m within the Giant Forest area of the
Sequoia National Park. Samples for chemical analysis were
collected weekly in accordance with NADP protocols in an
Aerochem Metrics Model 201 sampler. The pH of unfiltered
samples was measured at the park within 6 hours of
collection. Precipitation samples were shipped to the NADP
affiliated Central Analytical Laboratory at the University of
Illinois at Champaign-Urbana for analysis of NO3

�, SO4
2�,

Cl�, NH4
+, Ca2+, Mg2+, Na+ and K+. Filtered, refrigerated

(2�C) subsamples from the Aerochem sampler were also
sent to Michigan Technological University (1984 to 1989)
or the Biogeochemistry Laboratory at the Rocky Mountain
Forest and Range Experiment Station in Fort Collins,
Colorado (1990 onward) for the same chemical analyses,
described below for stream samples. Data from the Mich-
igan or Colorado labs were used on six occasions when
NADP chemistry data were missing for a particular month.

[11] Weekly precipitation was measured with a Belfort
recording rain gauge at the same site. Belfort gauges may
underestimate precipitation during snowfall [Tumbusch,
2003], thus precipitation may have been underestimated
during winter months in our study. An additional Belfort
weighing rain gauge, located 1 km southwest of the study
site, at an elevation of 1992 m, was deployed from 1984 to
1986. Precipitation measured at this site was on average 9%
(±4% SD) higher per water year than that measured at the
NADP site [Stohlgren et al., 1991]. To account for this
discrepancy, weekly precipitation volumes from the Belfort
gauge at the NADP site were increased by 9% in the
16-year data set used in this study.
[12] Monthly volume-weighed mean (VWM) concentra-

tions of solutes in Giant Forest precipitation were computed
by the NADP. Monthly fluxes of solutes were calculated by
multiplying VWM concentrations by the volume of precip-
itation and then normalizing the product to watershed area.
Annual solute fluxes were obtained by summation for each
water year, defined as beginning October 1 and ending
September 30, and referred to by the calendar year in which
they ended. Unless otherwise noted, all years indicated
herein refer to water years. Annual VWM concentrations
of solutes in wet deposition were obtained by dividing
annual fluxes by annual precipitation volumes.
[13] Dry deposition of HNO3 and SO2 vapor, and partic-

ulate NO3
�, SO4

2�, NH4
+, Ca2+, Mg2+, Na+ and K+, was

measured at the Wolverton Meadow (2250 m) dry deposi-
tion station located 3.5 km from the study catchments
(Figure 1). The station was part of the NOAA-operated
AIRMoN dry-deposition network [Hicks et al., 1991;
Meyers et al., 1991]. The Dry Deposition Inferential Method
(DDIM) used at the Wolverton station used airborne chem-
ical concentrations and the deposition velocity of individual
chemical species to compute dry deposition rates [Meyers et
al., 1998]. Ambient air concentrations of major elements
and compounds were determined by a filter-pack accumu-
lating system that was sampled about every seven days.
Sequential filters removed particles <2 mm (Teflon), HNO3

vapor (nylon), and SO2 vapor (treated cellulose), after air
passage through a slightly heated elutriator. Deposition
velocities were derived from a semi-empirical model that
used site-specific meteorological data and time-varying
information about surface conditions. The Wolverton
DDIM model was parameterized to grass and Ponder-
osa/Lodgepole Pine. Owing to the model’s reliance on
leaf-area index, it is likely that dry deposition rates at the
vegetated Wolverton station are similar to rates at the
study catchments.

2.4. Stream Discharge and Chemistry

[14] Stream discharge was measured year-round using
0.3 m and 0.08 m Parshall flumes for Log and Tharps
creeks, respectively. The flumes were equipped from 1984
to 1990 with Stevens Type-F strip chart recorders. Strip
charts were summarized manually to obtain daily discharge.
In 1990 and 1991, Stevens Type A/F electronic data loggers
were installed at Log and Tharps creeks. Annual discharge
volumes derived from daily mean stage height recorded on
strip charts were comparable to those derived from data
loggers (±5%). When gaps in the record occurred (due to
equipment malfunction), discharge was estimated by linear

Figure 2. Annual precipitation (solid circles), and runoff
for Log Creek (dark bars) and Tharps Creek (light bars).
Median precipitation for 1984–1999 was 870 mm.
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interpolation, using the last known discharge before, and the
first known discharge after, the gap.
[15] Water samples were taken year-round in Log Creek

and during all periods of flow in Tharps Creek, which was
generally from October through June or July, except during
drought years when flow sometimes ceased during May.
During prefire years, stream samples were collected every
2 weeks in both catchments immediately upstream of the
flumes. Postburn stream flow was sampled daily from
March 3 to April 10, 1991, and weekly during the remaining
snowmelt period of 1991, and during 1992 and 1993.

During 1994 and 1995, streams were sampled approximately
every 2 weeks, and from 1996 to 1999, once per month.
Samples were collected in acid-washed polyethylene bottles
that were rinsed several times with distilled, deionized water
and prerinsed with sample water. Unfiltered stream water
samples were analyzed for pH and acid neutralizing capac-
ity (ANC) within 6 hours of collection. An Altex model
3500 pH meter with a Beckman glass body probe for dilute
water was used from 1984 to August 1990, and was
subsequently replaced by a Beckman model pHI 40. ANC
was determined by titration [Gran, 1952], which was
performed with NIST-traceable 0.1 N HCl in an open beaker
on quiescent samples between pH 4.5 and 3.5. Filtered
samples were stored at 4�C prior to colorimetric analysis for
SiO2 (silicomolybdate method [Strickland and Parsons,
1972]) and NH4

+ (indophenol blue method [APHA, 1981])
at Sequoia National Park. From 1984 to 1989, filtered
samples were refrigerated at 2�C and shipped to Michigan
Technological University for analyses of NO3

�, Cl�, SO4
2�,

and base cations. From 1990 to the end of the study,
samples for the latter analyses were shipped to the Biogeo-
chemistry Laboratory at the Rocky Mountain Forest and
Range Experimental Station in Ft. Collins, Colorado. Dur-
ing both periods, samples were analyzed within 40 days of
collection on an automated Dionex 2020 ion chromatograph
according to methods and QA/QC procedures detailed by
Stottlemyer and Troendle [1987] and Stottlemyer [1987].
Total dissolved nitrogen (TDN) was determined by the
Valderrama [1981] method in 1994 and 1995 only. Filtered
water samples were digested with a NaOH-persulfate oxi-
dizing reagent under high heat (260�C) and pressure which
converted all N forms to nitrate, which was then quantified
on a Latchat autoanalyzer. Dissolved organic N (DON) was
computed as the difference between TDN and dissolved
inorganic N (NH4

+ + NO3, or DIN).

Figure 3. Relationship between runoff coefficients (%
precipitation) for Tharps Creek and Log Creek for prefire
years (1984–1990, open symbols) and postfire years
(1991–1999, solid symbols). Selected postfire years are
designated as ‘‘dry’’ or ‘‘wet’’ depending on whether below-
or above-median precipitation occurred that year, using the
median precipitation for water years 1984–1999 (870 mm).
Regression lines were significant (p < 0.05). Slopes of the
regression lines were significantly different (p < 0.05).

Table 1. Mean Annual Inputs (Wet and Dry Deposition) and Outputs (Stream Export), and Mean Annual VWM Concentrations of Major

Ions in Precipitation (Giant Forest) and Streamflow (Log Creek) for Water Years 1984–1999a

kg ha�1 yr�1 VWM Concentration, mmol L�1

Atmospheric Deposition

Stream Exportb Watershed Balance Precipitation Stream-flowWet Dry Total

NO3
�-N 1.199 1.242c,d 2.441 0.004 2.437 9.1 0.1

NH4
+-N 1.394 0.077d 1.471 0.012 1.459 10.7 0.1

Inorganic N 2.593 1.319e 3.912 0.016 3.896 19.7 0.2
DONf — — — 3.355 — — —
Cl� 1.163 0.032 1.195 2.031 �0.836 3.3 12.0
SO4

2�S 0.933 0.199g 1.132 0.356 0.776 3.0 2.2
HCO3

� — — — 86.4 — — 293.0
H+ 0.036 0.105h 0.130 0.001 0.129 3.3 0.2
Ca2+ 0.469 0.016 0.485 17.379 �16.894 1.3 91.1
Mg2+ 0.131 0.007 0.138 2.448 �2.310 0.6 19.4
K+ 0.192 0.023 0.215 4.133 �3.918 0.5 21.5
Na+ 0.768 0.021 0.789 14.713 �13.924 3.4 134.8

aWatershed balances are mean inputs-mean outputs. Positive balances indicate net retention; negative balances indicate net export.
bValues for the control catchment, Log Creek watershed.
cIncludes HNO3-N.
dHNO3-N was overestimated, and NH4

+ -N underestimated, by the AIRMoN sampler [see Meyers et al., 1991].
eDoes not include NH3, NO2, HNO2, and NO (see text).
fMean values for 1994–1995.
gSO2 + SO4

2�, approximately 59% is SO2.
hCalculated assuming complete conversion of deposited SO2 to H2SO4, following Lindberg et al. [1986].
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[16] Annual volume-weighted mean solute concentrations
(VWM) were calculated for stream outflow according to the
following equation:

Cvwm ¼

Pn

i¼1

CiVi

Pn

i¼1

Vi

ð1Þ

where Cvwm is volume-weighted mean solute concentration
(mol m�3), n is number of outflow samples during the year,
Ci is solute concentration for sample i (mol m�3), and Vi is
water flux associated with sample i (m3).
[17] Assigning volumes to outflow chemistry was compli-

cated since discharge was computed on a daily time step, but
chemical samples were collected less frequently. We used a
modification of the period weighting procedure to distribute
discharge to chemical samples [Coats and Goldman, 2001].
Period-weighting is superior to the ratio-estimator method
in snowmelt dominated systems provided there are adequate
chemical samples. In our methodology, chemistry from a
stream sample was applied to the discharge over an
interval including that day and bounded by the midpoints
between the preceding and following samples. The mid-
point rule was superseded if a hydrologic event of sufficient
magnitude (i.e., rainfall that increased streamflow, freezing
events that abruptly decreased streamflow, and the initiation
of snowmelt runoff) occurred between sample dates. For
these situations, date of the event was used as the division
and chemistry from the later sample was used with stream-
flow on the day of the event. No attempt was made to
interpolate stream chemistry between sampling dates be-
cause day to day variations in stream chemistry were
usually small in relationship to changes in discharge.
Annual solute export was calculated as the product of
annual outflow discharge and Cvwm, normalized by catch-
ment area.
[18] Regression analysis (analysis of covariance, or

ANCOVA, following Grabow et al. [1998]) was used with
the paired watershed data to determine whether prescribed
fire had a significant effect on area-weighted net annual
catchment export of water and major ions. The underlying
regression model is given by (2) and (3),

Y1 ¼ b0 þ b1X1 þ £0 ð2Þ

Y2 ¼ b0 þ b2ð Þ þ b1 þ b3ð ÞX2 þ £0 ð3Þ

where Y1 and X1 are net annual catchment outputs from the
treatment (Tharps) and control (Log) watersheds, respec-
tively, during the calibration (prefire) period, Y2 and X2 are
net annual catchment outputs of water or solutes from the
treatment and control watersheds during the treatment
(postfire) period, b0 and b1 are the calibration period
intercept and slope, b2 and b3 are the adjustments to the
intercept and slope for the treatment period, and £0 is the
independent noise term.

3. Results

3.1. Precipitation and Runoff

[19] From 1984 to 1999, annual precipitation ranged from
588–1758 mm. Mean and median annual precipitation were
1141 mm and 870 mm, respectively. Six consecutive years
with below median precipitation occurred in the middle of
the study (Figure 2). The study period was preceded by
2 years with high precipitation, including the strong El Niño
year of 1983, which resulted in 2266 mm of precipitation.
One other strong El Niño year (1998) occurred toward the
end of the study period. Most precipitation occurred during

Figure 4. Annual volume weighted mean (VWM) con-
centrations of (a) SO4

2�, (b) NO3
�, (c) NH4

+, and (d) Cl� in
Log Creek (squares) and Tharps Creek (circles) for water
years 1984–1999. The prescribed burn in Tharps Creek
watershed occurred in October 1991.
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winter months, about half as snow and half as rain.
Snowmelt usually occurred from March to May.
[20] Runoff volumes were affected by the large interan-

nual variation in precipitation during our study, which
included a 6-year drought during 1987–1992 (Figure 2).
Mean annual runoff in Log watershed during the drought
was 29% of precipitation; excluding drought years, mean
annual runoff was 56% of precipitation. Antecedent years
had a clear effect on runoff. Wet years (with above median
precipitation) preceded by other wet years produced the
highest runoff coefficients (67–80%). Dry years (with
below median precipitation) preceded by other dry years
produced the lowest runoff coefficients (23–33%). Before
fire, runoff coefficients in Tharps watershed were consis-
tently lower than in Log watershed, averaging 51% during
wet years, and 8% during dry years.
[21] Runoff was signficantly higher after fire in Tharps

watershed. Both before and after the fire, runoff coefficients
in Log and Tharps watersheds were significantly correlated,
but the slope of the postfire regression equation was signif-
icantly higher (Figure 3). Before the burn, measurable flow
occurred in Tharps Creek for an average of 195 days yr�1

(all years), or 150 days yr�1 if only dry years are considered.
After the burn, these values increased to 255 days yr�1 and
225 days yr�1, respectively [Moore and Keeley, 2000]. The
immediate effect of fire on discharge was mitigated to some
degree by the drought, which continued for 2 years after the
fire. Three of the first four years after the fire (1991, 1992,
1994) were dry years (Figure 2), and runoff from the burned
catchment during those years was on average 7% higher
than that predicted by the prefire relationship. During wetter
postfire years, the burnt catchment produced an average of
35% more runoff than predicted. Nine years after the burn,
there was no evidence that runoff in Tharps watershed was
returning to prefire levels (Figure 3).

3.2. Atmospheric Loading

[22] NH4
+ and NO3

� contributed the majority of annual
solute flux in wet deposition, followed by H+, Cl�, Na+ and
SO4

2�, which were delivered annually in similar quantities
(molar basis) (Table 1). Annual VWM pH averaged 5.49.
Dry deposition consisted mostly of HNO3, NO3

�, NH4
+, SO2

and SO4
2�, contributing about 18% and 34% of annual

loadings of S and inorganic N, respectively (Table 1). Dry

Figure 5. Annual volume weighted mean (VWM) concentrations of (a) Ca2+, (b) Mg2+, (c) acid
neutralizing capacity (ANC), (d) K+, (e) Na+, and (f) silica in Tharps Creek from 1984 to 1999. Dashed
horizontal lines are prefire averages (1984–1990).
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deposition contributed 3–4% of atmospheric loading of
Ca2+, Mg2+, and Na+, somewhat more in the case of K+

(11%, Table 1). The AirMon filtration device used for
collection was not designed for coarse particles (>2 mm),
hence, the true contribution of dry deposition to base cation
inputs may be higher in Giant Forest than we estimate.

3.3. Stream Chemistry

[23] The dominant ions in streamflow were HCO3
�, Na+,

Ca2+ and (Table 1). Based on mean annual VWM concen-
trations, base cations occurred in stream water in the order
Na+ > Ca2+	K+ >Mg2+, strong acid ions in the order Cl� >
SO4

2� > NO3
� (for both, molar basis). Mean annual VWM

pH in Log Creek was 6.74. DIN was normally near or below
detection in both creeks, although brief pulses were ob-
served during snowmelt.

[24] Solute concentrations increased in Tharps Creek after
the fire. Annual VWM [NH4

+] declined to the prefire
baseline in the second year after fire (1992, Figure 4), but
climbed again slightly during 1993, which was the first wet
year after the fire (Figure 2). Annual VWM [NO3

�] peaked
during the second postfire year (Figure 4), and returned to
baseline levels by the fifth postfire year. The other strong
acid anions (SO4

2� and Cl�) were higher in Tharps Creek for
several years after fire (Figure 4). Annual VWM [Cl�]
returned to prefire levels in Tharp’s Creek after 4 years;
annual VWM [SO4

2�] in Tharps Creek was still above the
prefire baseline 9 years after fire (Figure 4). Sufficient ANC
was produced after fire to neutralize inputs of strong acids;
the pH of Tharps Creek was similar before (6.7) and after
(6.9) the fire.
[25] The postfire pulse of strong acid anions in Tharps

Creek (Figure 4) was accompanied by an even larger pulse
of base cations, which was dominated by Ca2+ (on a molar
basis) during the first snowmelt season following the fire
(Figure 5). At the end of the study, annual VWM mean
[Mg2+] was still declining from its postfire maximum;
annual VWM means for [Na+] and [K+] declined to the
prefire baselines by the eighth year after the fire (Figure 5).
Interannual variation in annual VWM [SiO2] in Tharps
Creek over the course of the study did not follow a pattern
related to fire (Figure 5).

3.4. Mass Balances

[26] Absent disturbance, we observed almost complete
retention of inorganic N inputs (Figure 6). On average,
annual export of DIN from the control catchment was <1%
of annual inputs of inorganic N (Table 1). Despite increased
export of DIN for 3 years after fire (Figure 4), net retention
of inorganic N was observed in Tharps watershed through-
out the postfire period (Figure 6). By the fourth year after
the burn, N export from Tharps declined to a level consis-
tent with the prefire relationship between N export from the
paired catchments (Figure 8).
[27] Absent disturbance, atmospheric deposition accounted

for only a small fraction of base cation export in most years
(Figure 7). Averaged over the study, stream export in the
control catchment exceeded atmospheric loading of Ca2+,
Mg2+, Na+ and K+ by factors of 35, 18, 19 and 19, respectively
(Table 1). Prescribed fire had a long-lived effect on base
cation export. Before the fire, base cation export per unit
area was greater in Log watershed than Tharps. After fire,
area-weighted output of base cations in Tharps was roughly
the same, or exceeded, that in Log watershed (Figure 7).
Annual export of base cations from Tharps watershed was
significantly correlated to export from Log watershed both
before and after the fire (Figure 9). However, enhanced
export from Tharps watershed significantly increased the
slopes of the regression equations for all species after fire
(Figure 9).
[28] The prescribed burn altered watershed balances of

SO4
2� and Cl�. In undisturbed forest, net retention of

inorganic S was always observed. Atmospheric inputs of
S exceeded stream export of SO4

2� S in the control water-
shed by an average factor of three (Figure 6); S accumulated
in the ecosystem at the rate of 0.8 kg S ha�1 yr�1 (Table 1).
Chloride balances were more variable from year to year, but
the cumulative net export (0.014 kg Cl� ha�1) in Tharps

Figure 6. Annual atmospheric inputs (open circles) and
catchment outputs for Log Creek watershed (open bars) and
Tharps Creek watershed (solid bars) for water years 1984–
1999 for (a) inorganic N, (b) inorganic S, and (c) Cl�.
Atmospheric inputs are wet + dry deposition.
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watershed during the prefire period was close to zero
(Figure 6). After fire, export of both S and Cl� in Tharps
watershed well exceeded atmospheric inputs every year
except 1992 and 1994, which were dry years with little
discharge in Tharps Creek (Figure 6). For Cl�, this change
produced a postfire regression equation for the paired
watersheds with a significantly higher intercept (Figure 8)
and a cumulative net loss of 23 kg Cl� ha�1 (Table 2). After
fire, SO4

2� losses from the burned catchment were no longer
correlated to losses from the control catchment (Figure 8).
Sulfate export from the burned catchment was especially
high during the first postfire year (1991) and during wet
postfire years (1993, 1995–1998). As late as 1999 (a dry
year), annual export of SO4

2� from Tharps watershed was
still twice as high as that predicted by export from the
control catchment (Table 2).

4. Discussion

4.1. Effects of Fire on Watershed Balances

[29] Increases in runoff following fire are attributable to
several processes, including decreased interception and
evapotranspiration, decreased infiltration, and the develop-
ment of a water-repellent layer at or near the soil surface
[Cerda, 1998; Helvey, 1980; Lavabre et al., 1993; McNabb
et al., 1989; Prosser and Williams, 1998; Robichaud, 2000;
Robichaud andWaldrop, 1994]. Fire-induced hydrophobicity
has been shown to persist in soils up to 2 years at some sites

[Huffman et al., 2001]. Given the intensity of the prescribed
fire in Tharps watershed, it seems reasonable to attribute
some of the increased runoff after fire to changes in soil
properties, at least early on. However, differences in water
yield between the burned and unburned catchment were
more pronounced during the last 2 years of the study (1998,
1999) than in years closer to the burn (Figure 2).
[30] The prolonged increase in water yield we observed

after fire is consistent with observed tree mortality. Prefire
mean annual tree mortality (1986–1990) was <1%; this
increased to 17.2% after fire (1991–1995) [Mutch and
Parsons, 1998]. Between 1989 and 1994, 75% of trees
�50 cm diameter-at-breast-height (dbh), and 25% of trees
>50 cm dbh, died in Tharps, and only three ingrowth
trees were observed [Mutch and Parsons, 1998]. Crown
scorch was the predominant cause of mortality. Trees
continued to die in Tharps as a consequence of the burn
into the late 1990s (L. Mutch, personal communication).
Crown scorch and tree death could have decreased inter-
ception of rain and snow by the canopy in the burned
catchment. Interception rates reported from other conifer
forests range from 20% to 40% of precipitation [Blew et al.,
1993; Fahey et al., 1988; Friedland and Miller, 1999;
Stottlemyer and Troendle, 1999, 2001]. However, mean
throughfall event depths were not statistically different
between burned and unburned plots at our study site
during the first 2 years after fire, which were dry years

Figure 7. Annual atmospheric inputs (open circles) and catchment outputs for Log Creek watershed
(open bars) and Tharps Creek watershed (solid bars) for water years 1984–1999 for (a) Ca2+, (b) K+,
(c) Na+, and (d) Mg2+. Atmospheric inputs are wet + dry deposition.
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(J. Chorover, unpublished data). We lack throughfall vol-
umes for other postfire years.
[31] Several potential N inputs were not included in our

catchment balances. These include unmeasured N species in
dry deposition (NH3, NO2, HNO2, and NO), which collec-
tively can amount to as much as 71% of airborne N in
summer months [Bytnerowicz et al., 2002], direct stomatal
uptake of NH3 and NO2 [Hanson and Lindberg, 1991;
Norby et al., 1989; Nussbaum et al., 1993], cloudwater
interception [Collett et al., 1990], and deposition of atmo-
spheric organic N [Sickman et al., 2001]. Throughfall N
fluxes measured at the site using bulk collectors (6–11 kg N

ha�1 yr�1 [Chorover et al., 1994]) and ion exchange resin
columns (11.6 kg N ha�1 yr�1 [Fenn et al., 2003]) were
higher than our estimate for inorganic N loading (3.9 kg N
ha�1 yr�1). Net canopy retention of N, ranging from 30% to
70% of atmospheric deposition, is expected in conifer forest
[Fenn et al., 2000; Friedland and Miller, 1999; Lindberg et
al., 1986; Stottlemyer and Troendle, 2001]. Hence, the true
deposition rate for N in Giant Forest is probably even higher
than reported throughfall fluxes.
[32] The net effect of prescribed fire on watershed balan-

ces of inorganic N was small. The largest annual output in
Tharps (0.47 kg N ha�1, in 1993) was only 12% of
atmospheric inputs that year. Given that our N inputs were
underestimated, the true percentage is even smaller. Cumu-
lative postfire export of N from 1991 to 1999 (1.4 kg N ha�1)
was smaller than atmospheric deposition of N in the first
year after the fire alone (4.9 kg N ha�1). However, volatil-
ization of N during the fire was an unmeasured output in the
burned catchment. Volatilization losses of N at three burned
mixed-conifer sites in the eastern Sierra Nevada ranged 56–
362 kg N ha�1 [Caldwell et al., 2002]. Replacement times
for this much N would range from 14 to 93 years at our site,
if supplied by wet + dry deposition (present study), or 5 to
30 years to replace, if supplied by throughfall (using rate
reported by Fenn et al. [2003]). Replacement of N stocks
after fire is also affected by whether fire results in stand
replacement, and whether postfire colonizers fix N. In the
eastern Sierra Nevada, replacement of a Jeffrey pine forest
with shrubland dominated by the N-fixer Ceanothus velutinus
Dougl. resulted in N inputs (10–40 kg N ha�1 yr�1) that
exceeded atmospheric deposition of N in the area [Johnson
et al., 2005]. Although an actinorhizal shrub (C. cordulatus
Kellogg [Oakley et al., 2003]) occupies the understory at
our site, prescribed fire did not result in stand replacement.
[33] The 2 years of DON data we have from the control

catchment suggest that the majority (>99%) of total N
export at our site occurs as DON (Table 1). Average export
of DON in Log watershed during 1994–1995 was 3.4 kg N
ha�1 yr�1; mean annual inorganic N loading during the
same period was 4.2 kg N ha�1 yr�1. Hence, as much as
80% of inorganic N inputs in undisturbed forest at our site
may be balanced by organic N outputs. We do not know
how fire affected DON export at the site.
[34] Inorganic N reaching Tharps Creek after fire likely

resulted from leaching of ash, decreased plant uptake, and
changes in microbial activity. Net N mineralization can
increase in forest soil after burning [Kaye and Hart, 1998;
Knoepp and Swank, 1995; Schoch and Binkley, 1986;
White, 1986] and may be accompanied by increases in net
nitrification [Fuller et al., 1987; Kaye and Hart, 1998].
Nitrate export in forests following fire may also result from
decreased microbial uptake of NO3

� [Kaye and Hart, 1998].
Recovery time for NO3

� in streams following fire is com-
monly 3 years or less [Bayley et al., 1992; Carignan et al.,
2000].
[35] Concentrations of NO3

� in soil solution [Chorover et
al., 1994] and stream water (the latter, volume weighted)
were highest in Tharps Creek during the second snowmelt
season following fire (Figure 4). This pattern suggests a
delay in the processes responsible for producing NO3

� after
fire, or for releasing it to drainage waters. Lags in net NO3

�

production have been observed after disturbance in conif-

Figure 8. Relationships between annual net export from
Tharps watershed and Log watershed for (a) inorganic N,
(b) inorganic S, and (c) Cl�, during prefire years (1984–
1990, open symbols) and postfire years (1991–1999, solid
symbols). Net export <0 indicates net watershed retention.
All regression lines are significant (p < 0.05). Regression
lines shown in Figures 8a and 8b are for prefire data only.
The intercepts (but not the slopes) of the prefire and postfire
regression equations for Cl� in Figure 8c were significantly
different (p < 0.05). Years are indicated above selected
postfire data.
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erous forests, grasslands, and shrublands, and are sometimes
attributed to delayed responses by nitrifying bacteria to NH4

+

availability [Gerla and Galloway, 1997; Vitousek et al.,
1982; Wan et al., 2001; Wright and Hart, 1997]. This
explanation is supported by the rapid recovery of [NH4

+]
to prefire levels in soil solution [Chorover et al., 1994] and
stream water (present study) observed during the second
postfire year (Figure 4).
[36] Prolonged changes in base cation yield following

fire, such as we observed, are not widely reported. This may
be an artifact of study design. Excluding studies of burned
logging slash, few studies of prescribed burns in conifer
forest provide information about base cation export; exist-
ing reports are for stream concentrations rather than catch-
ment fluxes. After a prescribed fire of similar intensity in
mixed conifer forest at similar elevation in the Lake Tahoe
Basin, Stephens et al. [2004] observed somewhat higher
Ca2+, Mg2+ and K+ concentrations in ephemeral streams,
compared to control areas, over the course of one water year.
Bech et al. [2005] observed short-lived inputs (<1 year)
of Ca2+ and Mg2+ in a Sierra Nevada stream after prescribed
fire. However, base cation concentrations in stream water
remained higher for at least 9 years following fire in a
Canadian Shield catchment [Bayley et al., 1992].
[37] One interpretation of persistently higher export of

SiO2 and ANC (mostly HCO3
�) in Tharps watershed after

fire is that weathering rates were higher (Figure 10). Both
before and after fire, ion rankings in streamflow were
generally consistent with ion yields expected from the
weathering of plagioclase feldspars in granite [Melack and

Stoddard, 1991; Williams et al., 1993]. However, Si fluxes
between plants and soil, and accumulation of biogenic opal
in the forest floor, can be in the same order of magnitude as
stream export of Si [Derry et al., 2005; Markewitz and
Richter, 1998; Sommer et al., 2006]. Decreases in biose-
questration of Si after fire, and dissolution of biogenic
silica, should explain some of the postfire export of SiO2

observed in Tharps watershed. Based on export from the
control catchment, cumulative export of Si from Tharps
watershed during the postfire period was twice as high as
predicted (Table 2). In contrast, observed cumulative net
export of Ca2+, Mg2+, Na+ and K+ from Tharps watershed
was higher than predicted by factors of 5, 5, 3, and 6,
respectively, during the postfire period (Table 2). Apparent-
ly, postfire processes accelerated catchment losses of base
cations to a greater degree than SiO2 losses. In addition to
any increases in weathering, these processes likely included
dissolution of ash [Chorover et al., 1994], remineralization,
decreases in plant uptake, and alteration of soil cation
exchange capacity.
[38] Several studies corroborate our results for SO4

2� and
Cl�. Average [SO4

2�] remained three times higher in a
Canadian Shield stream for 5 years after fire, and was still
above normal 9 years after fire [Bayley et al., 1992]. Sulfate
was up to an order of magnitude higher in ephemeral
streams for 1 year after fire in mixed-conifer forest in the
Lake Tahoe basin [Stephens et al., 2004] (Cl� was not
measured). Prescribed burns in Canadian Shield catchments
raised [SO4

2�] and [Cl�] in lakes initially by a factor of
three, compared to reference lakes; concentrations were still

Table 2. Observed Versus Predicted Annual Net Export (kg ha�1 yr�1) of Solutes in Tharps Creek in Postfire Yearsa

Year

Calcium Net Export Magnesium Net Export Sodium Net Export Potassium Net Export

Obs. Predict. D Obs. Predict. D Obs. Predict. D Obs. Predict. D

91 8.2 0.1 8.1 0.8 �0.2 1.0 2.7 �0.5 0.8 1.3 �0.3 1.6
92 1.1 �0.4 1.5 0.2 0.0 0.2 0.7 �0.3 0.2 0.2 �0.3 0.4
93 16.9 3.8 13.1 3.1 0.8 2.3 11.9 5.3 3.6 4.5 1.1 3.4
94 2.7 �0.4 3.1 0.5 0.1 0.4 2.3 0.6 0.7 0.7 0.0 0.7
95 27.6 7.5 20.1 5.2 1.5 3.8 23.3 9.4 8.2 8.5 2.4 6.1
96 21.8 7.5 14.3 3.8 1.4 2.3 18.5 9.3 7.3 5.2 1.7 3.5
97 31.2 13.0 18.1 5.6 2.7 2.9 23.3 13.9 7.3 8.2 3.5 4.7
98 53.1 14.0 39.1 6.2 2.0 4.2 32.9 15.9 8.8 9.0 3.1 5.9
99 16.2 3.4 12.9 2.4 0.5 1.9 12.9 4.2 4.2 3.3 0.6 2.7P

178.8 48.5 130.3 27.8 8.9 18.9 128.5 57.9 70.6 40.9 11.9 29.0

Year

Inorganic N Net Export Sulfate-S Net Export Chloride Net Export Silicon Exportb

Obs. Predict. D Obs. Predict. D Obs. Predict. D Obs. Predict. D

91 �3.43 �3.85 0.42 1.8 �1.0 2.7 1.6 �1.1 2.7 8.7 3.0 5.8
92 �4.72 �4.96 0.23 �0.9 �1.2 0.3 0.0 �0.8 0.8 3.4 �0.9 4.3
93 �3.37 �3.80 0.43 2.5 �0.8 3.3 4.0 �0.4 4.3 32.3 15.8 16.5
94 �4.54 �4.55 0.01 �0.7 �1.1 0.4 �0.1 �0.8 0.7 8.5 2.8 5.8
95 �3.69 �3.72 0.04 2.5 �0.8 3.3 2.3 �0.5 2.8 70.7 33.1 37.6
96 �2.55 �2.54 �0.01 0.8 �0.5 1.3 3.5 �0.1 3.6 45.7 26.1 19.6
97 �2.77 �2.75 �0.02 1.1 �0.5 1.6 4.4 0.8 3.6 69.6 41.9 27.6
98 �4.66 �4.78 0.13 1.1 �0.8 2.0 5.0 1.1 3.9 100.3 55.3 45.0
99 �4.00 �4.00 0.01 �0.2 �0.9 0.7 2.3 �0.4 2.7 42.3 12.8 29.6P

�33.73 �35.00 1.23 7.9 �7.6 15.5 23.0 �2.1 25.2 381.4 189.8 191.6

aPredicted export was obtained using net export values from Log watershed from postfire years in the regression equations relating prefire net export
from Tharps watershed with that from Log watershed (Figures 8 and 9). Negative values indicate net watershed retention. The difference between observed
and predicted values (D) represents enhanced catchment export resulting from pools and processes established after fire. Cumulative values for the period
1991–1999 (

P
) are at the bottoms of the columns. Values in bold type are estimates of cumulative net export after 9 years that resulted from postfire

processes, expressed as kg ha�1.
bAtmospheric inputs of silica were not measured in the study; values are for total annual export.
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above reference levels after 3 years [Carignan et al., 2000;
Lamontagne et al., 2000]. Several investigators report net
export of Cl� from forested watersheds following clear
cutting [Dahlgren and Driscoll, 1994; Kauffman et al.,
2003; Rosen, 1990] or after wildfire [Bayley et al., 1992].
Chloride is a known plant micronutrient, and releases of Cl�

after forest disturbance could result both from remineraliza-
tion of Cl� in organic matter and decreases in plant uptake.
[39] Unexplained export of Cl� occurred in the control

catchment. Either a rough annual balance, or net retention,
of Cl� was observed in Log watershed during dry years
(1987–1992, 1994) (Figure 6). In contrast, in wet years,
export exceeded deposition of Cl� by factors as high as
three (Figure 6). Over the course of 16 years, Log watershed
exported >13 kg ha�1 more Cl� than it received from the
atmosphere (see net export rate in Table 1). These results
indicate depletion of some previously accumulated stock-
pile of Cl� within the control catchment, or an unmeasured
input. Weathering is an unlikely source of Cl� in soils dev-
eloping on granite and granodiorite colluvium [Huntington
and Akeson, 1987]. There is evidence that Cl� from
precipitation can be stored in soil during years when runoff
is insufficient to fully flush it from soil, and that it is
returned to drainage waters quickly after runoff is restored
[Kauffman et al., 2003]. Our results indicate that use of Cl�

as a conservative tracer of water fluxes [e.g., see Johnson et
al., 1997] may not be warranted in some Sierran forests.
[40] Fire created several avenues for long term SO4

2�

export in Tharps watershed. These include oxidation of

organic S in mineral soil [Blank and Zamudio, 1998; Stanko
and Fitzgerald, 1990], eventual release of SO4

2� from ash
(with some portion cycling through microbial mass, or
temporarily held by exchange complexes), decomposition
of dead aboveground and belowground tree biomass, and
decreased plant uptake. Regardless of the source, it appears
that the supply of SO4

2� available for export was diminished
in the burned catchment after 9 years (compare 1993 with
1999, years with similar runoff, in Figures 6b and 8b),
or that mechanisms for watershed retention of S were
recovering (note resumption of net retention of S in 1999,
Figure 6).
[41] Interestingly, the cumulative net export of SO4

2� S
from Tharps watershed during 9 years following fire (7.9 kg
S ha�1, from 1991–1999, Table 2) was nearly equal to the
cumulative net retention of atmospheric S in Tharps water-
shed during the 7 years preceding fire (8.1 kg S ha�1).

4.2. Postfire Export Compared to Prefire Standing
Stocks

[42] Different prefire and postfire relationships between
solute export from the control and treatment catchments
(Figures 8–10) allow us to quantify how much solute
export from the treatment catchment resulted from pools
or processes established after fire, as opposed to processes
that occurred throughout the study. In Table 2, we use solute
export from the control catchment (Log watershed) from
each postfire year, and the prefire regression equations, to
predict solute export during postfire years that would have

Figure 9. Relationships between annual net export from Tharps watershed and Log watershed for
(a) Ca2+, (b) Mg2+, (c) Na+, and (d) K+, during prefire years (1984–1990, open symbols) and postfire
years (1991–1999, solid symbols). Net export <0 indicates net watershed retention. All regression lines
shown are significant (p < 0.05). For all species, the slopes (but not the intercepts) of the prefire and
postfire regression equations were significantly different (p < 0.05).
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occurred in the treatment catchment (Tharps watershed)
regardless of fire. Using this approach, we estimate that
fire led to the additional cumulative export, per hectare, of
1.2 kg N, 16 kg S, 25 kg Cl�, 130 kg Ca2+, 19 kg Mg2+,
71 kg Na+, 29 kg K+, and 192 kg Si, after 9 years (Table 2).
[43] Based on long-term average rates, net accumulation

of atmospheric N and S in undisturbed forest becomes
equivalent to the fire-related catchment export of these
elements after <1 and 20 years, respectively. Volatilization
losses of N and DON export, not included in our fire-related
losses, would increase replacement times for N. Based on
long term net export rates from undisturbed forest, weather-
ing at the study site produces excess Ca2+, Mg2+, Na+, and K+

(per hectare) equal to the 9-year fire-related losses of these
species after about 8, 8, 5, and 7 years, respectively.
Unexplained export of Cl� from undisturbed forest makes
it difficult to evaluate replacement times for fire-related
losses of this species. However, if atmospheric inputs of Cl�

were completely retained after fire, about 20 years would be
necessary to replace the fire-related losses of Cl�.

[44] Total fuel load before the fire in Tharps watershed
(1000-, 100-, 10- and 1-hour fuels) was estimated at 210 Mg
ha�1 by Mutch and Parsons [1998]. The forest floor (litter
and duff) was 35% of total fuel mass. Postfire fuel inven-
tories revealed that the surface litter (O1) and the duff layer
(O2) was 97% burnt, producing a loss of 72 Mg ha�1

[Mutch and Parsons, 1998] and leaving a layer of ash 5–
30 cm deep on the mineral soil [Chorover et al., 1994].
Stohlgren [1988a] measured the mass of aged litter and duff
at our study site, and the percent contribution of each of the
four dominant tree species to the mass of small debris in the
surface litter (Table 3). He also measured the nutrient
content of fresh litter from each tree species, and changes
after 3.6 years of decomposition (by which time most of the
change in the elemental content took place) [Stohlgren,
1988b]. Using Stohlgren’s data, we estimate that the aged
litter and duff layer at Tharps contained, per hectare, 441–
683 kg N, 499–1085 kg Ca, 54–68 kg Mg, and 38–63 kg K
before the fire (Table 3). These estimates are reasonable
compared to measurements made in other Sierra Nevada
forests [Davidson et al., 1992; Johnson et al., 2005].
[45] Using our estimates of elemental mass in the litter

and duff layer, and the information in Table 3, we estimate
that the cumulative net export of DIN after fire was equal to
<1% of the N present in the forest floor (litter and duff) prior
to its combustion. We estimate that fire-related losses of Ca,
Mg, and K during 9 years of stream export accounted for the
following percentages of the base cation mass contained in
the burned litter and duff layer (ranges reflect the forest
floors of fir- versus giant sequoia-dominated plots):

Ca : 12% to 26%

Mg : 28% to 35%

K : 46% to 76%

Because we did not include the mass of larger fuels in these
calculations, these percentages should be smaller. Lacking
data on forest floor S, Na, Cl�, and Si, we are unable to
place observed export for these elements into the same
context. Estimates of S content in the forest floor of Jeffrey
pine forest in the eastern Sierra Nevada range from 15–
19 kg S ha�1 [Johnson et al., 2005; Murphy et al., 2006a].
Interestingly, this range compares well with the cumulative
fire-related loss of S from Tharps watershed during the
postfire period in our study (16 kg S ha�1).

5. Conclusions

[46] Our results suggest that natural fire-return intervals
close to the lower end of historical variability might prevent
complete reaccumulation of fire-related losses of S, Cl�, Si,
and base cations between successive fires. Replacement
times for individual species, based on watershed balances
in undisturbed forest, range from <1 year (for DIN), to at
least 20 years (for Cl� and S). However, these numbers
underestimate the time required to rebuild standing stocks
after fire. Volatilization losses analogous to those observed
in other Sierran forests could boost recovery time for N in
Giant Forest as high as 30 years. The persistent increase in
water yield we observed in burned forest (and other eco-
system changes) will prolong recovery times for other

Figure 10. Relationship between annual export from
Tharps watershed and Log watershed for (a) acid neutraliz-
ing capacity (ANC) and (b) SiO2 during prefire years
(1984–1990, open symbols) and postfire years (1991–
1999, solid symbols). Regression lines are significant (p <
0.05). For both species, the slopes (but not the intercepts) of
the prefire and postfire regression equations were signifi-
cantly different (p < 0.05).
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elements. Rebuilding of elemental stocks will depend on
how quickly watershed balances return to normal ranges.
For example, net retention of S did not resume in the burned
catchment until the ninth year after fire. Consequently,
recovery time for S stocks in Giant Forest may be closer
to 30 years (9 + 20 years). Above-normal export of all other
species, except for N, was still taking place 9 years
after fire.
[47] Precipitation strongly influenced the magnitude of

postfire export. Delayed export of elements from pools
established by fire occurred during wet years, even late in
our study. A strong El Niño year 8 years after the fire (1998)
produced the largest fire-related annual export of several
species (Ca2+, Mg, Na+, Si) observed during the study. If the
burn had taken place during a wet year, or had been
followed more closely by wet years, higher export of most

species would probably have occurred closer to the fire, and
cumulative losses may have been higher.
[48] Considering that the site had been fire-free for over

120 years prior to the experimental burn, postfire changes in
Tharps watershed were probably accentuated. Fuel levels
prior to the burn were extraordinarily high compared to
estimated historical values. Pools of elements available for
export would probably have been smaller had less fuel
burned. A lower intensity fire likely would have resulted in
lower tree mortality, which may have had a smaller, or less
persistent, effect on postfire water yield. In our case,
however, fire-enhanced loss rates of water and all species,
except for DIN, persisted through the end of the study,
9 years after fire. Given that large tracts of Sierra Nevada
forest remain unburned since the early 1900s, prolonged
changes in watershed balances may be a more common
result of prescribed fire than previously expected.

Table 3. Estimated Mass of Selected Macronutrients in Aged Litter and Duff in Two Kinds of Forest Plots in Giant Foresta

Forest
Plot

% Dry Mass
of Species in Small
Litter Debris,b

%

Mass of Litter
and Duff From
Each Species,c

kg ha�1

Elemental
Content of

Fresh Litter,d

%

Elemental Mass
in Fresh Litter,

kg ha�1

% Change in Elemental
Mass After 3.6
Year Decay,e

%

Estimated Mass of
Element in Aged
Litter and Duff,

kg ha�1

Nitrogen
Type 1 giant sequoia 48 46512 0.5 233 155 361

white fir 49 47481 0.7 332 90 299
sugar pine 3 2907 0.7 20 115 23P

= 683
Type 2 sugar pine 69 50991 0.7 357 80 292

white fir 22 16258 0.7 114 95 111
incense cedar 10 7390 0.6 44 105 47P

= 441

Calcium
Type 1 giant sequoia 48 46512 2.4 1116 50 558

white fir 49 47481 2.1 997 50 499
sugar pine 3 2907 1.0 29 95 28P

= 1085
Type 2 sugar pine 69 50991 1.0 510 70 357

white fir 22 16258 1.5 244 50 122
incense cedar 10 7390 2.7 200 10 20P

= 499

Magnesium
Type 1 giant sequoia 48 46512 0.2 93 35 33

white fir 49 47481 0.2 95 35 23
sugar pine 3 2907 0.2 6 45 3P

= 68
Type 2 sugar pine 69 50991 0.2 102 40 40

white fir 22 16258 0.2 33 30 10
incense cedar 10 7390 0.2 15 20 3P

= 54

Potassium
Type 1 giant sequoia 48 46512 0.2 93 30 28

white fir 49 47481 0.4 190 17 32
sugar pine 3 2907 0.2 6 45 3P

= 63
Type 2 sugar pine 69 50991 0.3 153 18 28

white fir 22 16258 0.5 81 10 8
incense cedar 10 7390 0.3 22 10 2P

= 38
aType 1 forest plots were dominated by giant sequoia, white fir, and sugar pine. Type 2 forest plots were dominated by white fir, sugar pine, and incense

cedar.
bFrom Stohlgren [1988a, Table 4].
cCalculated using a total mass of litter + duff of 96,900 kg ha�1 and 73,900 kg ha�1 for Type 1 and Type 2 forest plots, respectively [from Stohlgren,

1988a, Table 7].
dFrom Stohlgren [1988b, Table 3].
eEstimated from Figure 1 in Stohlgren [1988b].
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